Abstract-We introduce a novel method for the measurement of wavelength-dependent polarization-averaged group delay, polarization dependent loss and polarization mode dispersion of optical components using swept optical single sideband modulated signals. Measurements of a phase-shifted fiber Bragg grating, a chirped fiber Bragg grating and of Brillouin spectra are used to demonstrate the system.
INTRODUCTION
Microwave photonics techniques can be applied for the characterization of optical devices. For instance, the use of optical single sideband (OSSB) modulation has been recently proposed for the spectral characterization of optical components and systems [1] [2] [3] [4] [5] . This is an alternative to the traditional modulation phase-shift [6] and interferometric methods [7] . The main advantage of the OSSB technique is that it has the potential to provide extremely high wavelength-resolution measurements.
To date this technique has been useful just for measurements of polarization-independent components. However, full polarization-resolved measurements of parameters such as polarization dependence loss (PDL), polarization mode dispersion (PMD) and polarization-averaged group delay (PAGD) are necessary for the characterization of real-world optical components. A number of techniques have been proposed for the measurement of those parameters [8] [9] [10] [11] [12] [13] [14] , but none of them yields the spectral resolution that could be achieved with OSSB characterization.
In this work, we introduce the theoretical fundamentals and the experimental implementation of a method to provide polarization measurement capability to the swept OSSB technique.
II. THEORY
The use of OSSB signals for spectral characterization of polarization-independent components is based on the correspondence or mapping that this modulation format provides between the optical and the electrical domains [1] . The electric field of an OSSB signal at the input of a device under test (DUT) can be expressed as:
where 0 ν and
are the frequency of the optical carrier and sideband, respectively, and OC A and SB A are their complex amplitudes. In the technique, this signal is propagated though the DUT, which has an optical transfer function ) (ν H , and is finally detected in a wideband photodetector (PD). Analyzing the detected RF we find that the electrical current at RF f is proportional to [2] :
If the contribution of the measurement system is calibrated out this simplifies to:
where phasorial notation is deployed. Notice that from the amplitude and phase-shift of the detected electrical signal it is possible to extract the optical transfer function of the device under test by sweeping the modulation frequency RF f while 0 ν is kept constant [2] .
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However, (2) is only valid under the assumption that the state of polarization (SOP) of carrier and sideband at the output of the DUT are identical, which is not valid in general for polarization-dependent devices. If the optical carrier and the sideband at the output of the DUT have different SOP the detected photocurrent will depend not only on the phase-shift and amplitude transfer function of the DUT at the wavelengths of carrier and sideband but also on the different SOP between them. For instance, it has been shown that propagation of an OSSB signal through a medium with DGD leads to an RF signal fading that in this measurement technique would introduce errors in the amplitude measurement [15] .
In order to bypass this limitation we propose a technique which is based on sequentially generating two OSSB sweeps with orthogonal linear SOP and analyzing orthogonal polarizations of the received signal using a polarization beam splitter (PBS). Fig. 1 depicts the fundamentals of the proposed technique. An OSSB signal is generated and fed to a polarization synthesizer whose output optical signal in E r can be expressed as
where the sideband and the optical carrier have the same SOP, which is given by p s E , and p s, δ , the amplitudes and optical phase-shifts associated with two orthogonal axes. For simplicity, we chose as reference the orthogonal polarization axes s and p defined by the PBS for the representation of these fields. This signal from the synthesizer goes through the DUT and its orthogonal polarization components are obtained at the PBS. Finally, the signal at the output ports of the PBS is detected in a photoreceiver. The electric fields at the outputs of the PBS are given by:
where DUT H , s H and p H are the 2x2 complex coefficient matrices describing the frequency dependent optical transfer functions of the DUT and of the output ports s and p of the PBS, i.e. their Jones matrices. The detected current will be proportional to the inner product of the electric field [9] . Using an electrical vector network analyzer (EVNA) to measure the component at RF f we have: are the measured phasorial currents at the two ports of the PBS (s and p) for the two linear-horizontal (LH) or linear-vertical (LV) polarization input sweeps. Therefore, it is possible to solve these equations to find the equivalent of the frequency-dependent Jones Matrices of the DUT and hence calculate PAGD, PDL and PMD as a function of wavelength. Notice that this solution requires the previous determination of the Jones Matrix for the optical carrier. However, this can be easily done using the standard procedure with polarization synthesis and analysis [9] , which provides the matrix transfer function of the DUT at the optical carrier within a complex constant C, i.e., ( ) ( ) . Therefore, for a given wavelength the measured maximum and minimum optical intensity transmission are given by:
PDL is defined as the ratio between the maximum and minimum transmission ( min max T T PDL = ), so that the constant in (13) will not alter the measurement of this parameter.
DGD is given by [10] :
where ( ) is also independent of C .
III. EXPERIMENTAL SETUP AND MEASUREMENTS
In order to proof the feasibility of the technique we have performed several example measurements. A phase-shifted fiber Bragg grating (PS-FBG), a chirped fiber Bragg grating (C-FBG) and the Brillouin spectrum of a dispersion compensating length of fiber have been characterized. The experimental setup is based on the fundamentals described in Fig. 1 . The 95:5 coupler sends the output signal from the DUT to a polarization analyzer for the measurement of the transfer function of the optical carrier. The coupler and the pigtails are non-polarizing components. Therefore, the SOP measured at the polarization analyzer can be considered a rotated version of the SOP at the input of the PBS so that both SOP can be related.
We have shown that from (8) (9) (10) (11) and measuring the transfer function of the DUT at the optical carrier wavelength we are able to determine the PDL, DGD and PAGD of the DUT at the optical frequency of the sideband. However, if any of the coefficients of the Jones matrix at the carrier wavelength (
) were null, we would not be able to determine the corresponding coefficient of the transfer function at the sideband wavelength (
In order to avoid this possibility, the input polarization is rotated so that the SOP at the input of the PBS does not match any of the principal axes of the PBS; hence it is guaranteed that the Jones matrix for the optical carrier does not have any null coefficients. It can be shown that this polarization rotation does not alter the measured PDL, DGD and PAGD [8] . Figure 2 shows the characterization of the PDL of a commercial PS-FBG from AOS (Advanced Optical Systems) and Fig. 3 shows the measurement of the DGD of a C-FBG. In both measurements the OSSB signal was generated using the 90º-hybrid and dual-drive modulator method [1] and a 17-GHz RF frequency sweep was performed with 10-MHz frequency resolution. Measurements using the OSSB method (red solid line) are compared to those using the modulation phase-shift method (symbols) with 2-pm resolution and 125-MHz frequency modulation [12] [13] . In spite of the lower resolution of the modulation phase-shift method, both measurements show good agreement. The small deviation is attributed to the residual PDL and PMD of the components of the setup and to the low quality of the deployed OSSB signal which limit the smallest measurable PDL, DGD and PAGD [2] .
Finally we have performed a high resolution characterization of the Brillouin spectrum of a dispersion compensating length of fiber. This gain spectrum was generated by counterpropagating an amplified sample of the optical carrier in a 2-Km length of dispersion compensating fiber in order to excite stimulated Brillouin scattering (SBS) over the sideband of the OSSB signal [3] . The resolution of the measurement was 470 KHz.
IV. SUMMARY
A novel technique based on swept OSSB modulated signals for the characterization of optical components including polarization dependent parameters has been introduced. A mathematical derivation has been presented and experimental results have been shown in order to demonstrate the technique. 
